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The lateral diffusion of many plasma
membrane proteins is impeded and a
significant percentage of those proteins
appear virtually immobile. This re-
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stricted mobility is commonly believed
to result directly or indirectly from in-
teractions of proteins with the underly-
ing cytoskeleton (Zhang et al., 1993).
Ultrastructure studies have shown that
in red blood cells as well as other cells
a regular spectrin lattice is attached to
the membrane (Pumplin and Bloch,
1993). In spectrin-deficient red blood
cells, a large increase in the diffusion
rates of membrane proteins was ob-
served (Sheetz et al., 1980). These find-
ings, together with other support, led to
the view that proteins are corralled
within membrane domains by interac-
tions of their cytoplasmic moiety with
cytoskeletal lattices (Sheetz, 1983;
Tsuji and Ohnishi, 1986; Tsuji et al.,
1988; Saxton, 1990). However this
model has not been confirmed by direct
experiment.
Single Particle Tracking (SPT) is a
recently developed technique, in which
membrane proteins or lipids are specifi-
cally labeled with antibody-coated sub-
micron colloidal gold or fluorescent la-
tex particles and the trajectories of the
individual labeled molecules are fol-
lowed by digital imaging microscopy
(Zhang et al., 1993; Cherry, 1992;
Ghosh and Webb, 1990). By direct ob-
servation of individual protein motions,
the method should provide detailed in-
formation on submicroscopic mem-
brane structures, although careful data
analysis is required in order to distin-
guish trajectories of nonrandom mo-
tions from those of random motions
(Saxton, 1993). Kusumi et al (1993) ap-
plied this new technique to study the
mobility of E-cadherin, a Ca2+-
dependent cell adhesion molecule, in
cultured epidermal cells. Trajectories
were carefully analyzed with the help
of computer simulations. The results
give a strong evidence for the notion
that some membrane proteins are con-
fined within certain regions.
The results of Kusumi et al. (1993),
as well as earlier work on the low-
density lipoprotein receptor (Ghosh
and Webb, 1990; Anderson et al.,
1992), indicate that the SPT method
can, indeed, provide more detailed in-
formation about membrane protein mo-
bility. The more conventional method,
fluorescence recovery after photo-
bleaching, typically divides the labeled
protein population into mobile and im-
mobile fractions. For E-cadherin, 25%
was immobile and the remaining 75%
was characterized by a diffusion coef-
ficient of 2.6 X 10-11 cm2/s. On the
other hand, the SPT method revealed
that four different modes of the mem-
brane protein mobility were operant.
More than half the proteins tracked
(64%) showed diffusion confined to re-
gions on the order of500 nm or less. 6%
of the population was virtually station-
ary, while 2% showed directed motion.
The remaining 28% of the population
exhibited random diffusion.
To further characterize random dif-
fusion, "microscopic diffusion coeffi-
cients," which reflect the mobility on
the tens of nanometer scale, were cal-
culated from individual protein trajec-
tories. These values were distributed
over a surprisingly large range of 4.6 X
10-12 to 1 X 10-9 cm2/s, but it is not yet
known how much of this variation is
real and how much is statistical. Di-
rected motion has been observed pre-
viously and is presumably due to the
interaction with the dynamic cytoskele-
ton system (De Brabander et al., 1991;
Sheetz et al., 1989). However, what is
most striking is that many of the tracked
proteins appear to be trapped within
small regions. The size of these regions
was variable, ranging between 0.3 and
0.6 ,gm in diameter. This domain size is
slightly smaller than that previously es-
timated by Edidin et al (1991) (0.6 ,tm)
and larger than the estimated size of
the spectrin mesh in red blood cells
(approximately 0.1 ,um).
Do all membrane proteins experi-
ence such confined diffusion in the
plasma membrane? Kusumi et al.
(1993) found that epidermal growth
factor and transferrin receptors do,
which is plausible because these
proteins, as well as E-cadherin, pos-
sess relatively large cytoplasmic do-
mains. Indeed, truncation of the cyto-
plasmic domains of E-cadherin results
in much less confined diffusion
(Sako et al., 1992). Whether proteins
with smaller cytoplasmic domains
experience such direct cytoskeletal
interactions or more indirect effects is
not yet known (Zhang et al., 1993).
Laser trap evidence suggests that
glycosylphosphatidylinositol-anchored
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proteins are considerably less likely to
be trapped in smaller membrane do-
mains (Edidin et al., 1991) and SPT of
lipid analogs shows no evidence of con-
finement to plasma membrane domains
(Lee et al., 1993).
There is a significant discrepancy be-
tween the SPT and photobleaching re-
sults: membrane proteins in the station-
ary mode (6%) cannot account for the
larger immobile fraction (25%) meas-
ured by photobleaching. Kusumi et al
(1993) argue that a portion of the con-
fined diffusion mode could account for
the rest of the immobile fraction. This
is because the area bleached by the laser
(0.63 pLm2) is significant larger than the
putative membrane domains, so that
some bleached regions won't have a
contiguous reservoir to sustain fluores-
cence recovery. However, if all the pro-
teins in the confined diffusion mode are
assumed to contribute to the immobile
fraction, it becomes far greater than the
value measured by photobleaching.
This problem can be resolved if about
half of the proteins in the confined dif-
fusion mode could escape to adjacent
domains. The authors propose a model
in which the fences that bound a mem-
brane domain are dynamic, having un-
specified "gates" that open temporarily.
In this way a single protein, which is
confined much of the time, may move
long distances in the membrane plane.
Indeed, unpublished studies indicate
that the labeled E-cadherin shows inter-
compartmental movements (Kusumi
et al., personal communication).
Whether a "gate" allows "escape" of a
given protein to an adjacent domain
will depend on the size of its cytoplas-
mic moiety, so that the effective do-
main size may depend on the protein.
This would explain why domain sizes
differ for various proteins.
Those who are fascinated by the
complex dynamics of plasma mem-
branes will eagerly wait additional de-
tailed SPT studies of other membrane
proteins, for they will most certainly
enhance our understanding of this or-
ganelle which is so pivotal in modem
cell biology.
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It is now widely accepted that outer hair
cells (OHC) play a fundamental role
in normal cochlear transduction
(Brownell et al., 1985; Ashmore, 1987;
Kalinec et al., 1992). Understanding
how the behavior of the OHC deter-
mine the critical frequency selectivity
of the mammalian cochlea, however,
has been a more recent development to
which the article in this issue by Huang
and Santos-Sacchi (p. 2228) makes an
outstanding contribution.
In mammals, the cochlea separates
sound frequencies by controlling the
motion of the basilar membrane. It has
become increasingly clear that a meta-
bolically labile process involving the
OHC greatly contributes to this motion
control of the basilar membrane (Hol-
ley and Ashmore, 1988; Iwasa and
Kachar, 1988; Santos-Sacchi, 1991).
The OHC exhibit electrically induced
elongation and contraction movements
that enhance the frequency selectivity
and sensitivity of the basilar membrane
movement wave. Several lines of evi-
dence have shown that the OHC move-
ments depend on or are sensitive to
changes in membrane potential (Iwasa
and Kachar, 1988). This discovery sug-
gested the presence of a voltage-acting
molecule within the plasma membrane
of the OHC. The presence of a voltage-
dependent nonlinear charge movement
as manifest by a voltage-dependent
capacitance has provided additional
evidence for the existence of such a
molecule (Santos-Sacchi, 1991).
Electrophysiological and micros-
copy studies (Kalinec et al., 1992) have
shown that OHC elongation in response
to hyperpolarization and depolariza-
Received for publication
X) 1993 by the Biophysical Society
0006-3495/93/11/1755/08 $2.00
